Introduction
============

Lung cancer is the one of the leading causes of cancer mortality in the world, and non-small-cell lung cancer (NSCLC) accounts for nearly 85% of all lung cancers ([@b1-or-43-05-1569]). Gefitinib, a typical reversible EGF receptor tyrosine kinase inhibitor (EGFR-TKI), has a marked therapeutic effect in NSCLC patients with EGFR mutations, and has been used widely as the first-choice treatment for NSCLC ([@b2-or-43-05-1569],[@b3-or-43-05-1569]). However, despite the excellent initial clinical responses, almost all responding patients eventually develop different degrees of resistance within one year ([@b2-or-43-05-1569]--[@b4-or-43-05-1569]). Hence, reversal of the resistance to EGFR-TKIs is an urgent requirement for lung cancer therapy.

In recent years, certain Chinese herbal medicines have exhibited notable effects on drug resistance ([@b5-or-43-05-1569]). Previous studies have found that curcumin ([@b6-or-43-05-1569]), scorpion venom ([@b7-or-43-05-1569]) and bufalin ([@b8-or-43-05-1569]) could delay the emergence of EGFR-TKI resistance or inhibit drug resistance via different signaling pathways. Clinical trials have begun to utilize Chinese herbal medicines combined with EGFR-TKIs to treat lung cancer.

Among the Chinese herbal medicines, triptolide (TP), a purified diterpenoid from *Tripterygium wilfordii* Hook.f. (TWHF), exhibits promising potential in reversing drug resistance ([@b9-or-43-05-1569]). Previous studies confirmed that TP has many biological properties, including immunosuppressive and anti-inflammatory effects ([@b10-or-43-05-1569]). An increasing number of preclinical studies have demonstrated that TP has strong antitumor activities. As an adjuvant therapeutic agent, TP has been revealed to enhance the effect of some anticancer agents at low doses, such as hydroxycamptothecin ([@b11-or-43-05-1569]) and fluorouracil ([@b12-or-43-05-1569]), and increase the sensitivity of drug resistant cells to chemotherapeutics ([@b9-or-43-05-1569],[@b13-or-43-05-1569],[@b14-or-43-05-1569]), rendering the combination superior to mono-therapy. However, the molecular mechanisms by which TP induces inhibition of drug resistance and sensitization are unclear. Previously, we used high-sensitivity isobaric tags for a relative and absolute quantitation technique and observed that TP treatment caused abnormal expression of proteins involved in a variety of biological processes. In particular, the increase in E-cadherin was particularly pronounced ([@b15-or-43-05-1569]). E-cadherin is a core protein of epithelial-mesenchymal transition (EMT) and is involved in cancer invasion and metastasis ([@b16-or-43-05-1569]). E-cadherin is closely related to molecular treatment targeting EGFR resistance and sensitivity. Increased expression of E-cadherin enhanced the sensitivity of tumor cells to the EGFR inhibitor gefitinib, while knockdown of E-cadherin in parental cells induced gefitinib resistance and stemness ([@b17-or-43-05-1569]--[@b19-or-43-05-1569]). Thus, it was speculated that E-cadherin may participate in the development of sensitivity or resistance to EGFR-TKIs, and play a role in the complex intercellular regulation.

In the present study, it was revealed that TP combined with gefitinib had a synergistic inhibitory effect on the proliferation, migration, and invasion of A549 cells, which are resistant to gefitinib. The effect of TP against gefitinib resistance was attributed to its ability to reverse EMT by upregulating E-cadherin levels and inhibiting cell proliferation. In addition, this combinational therapy reduced the tumor volume more effectively than gefitinib or TP alone in a xenograft mouse model, and this synergistic interaction was associated with the ability of TP to reverse EMT. Thus, evidence is provided that the combination of TP and gefitinib could overcome TKI resistance in patients with NSCLC with EGFR mutations and could lead to the development of new combinatorial therapies for lung cancer.

Materials and methods
=====================

### Chemicals

TP was purchased from Sigma-Aldrich; Merck KGaA. The molecular formula of TP is C~20~H~24~O~6~, it has a molecular weight of 360.4 Da, and a purity≥98%. Gefitinib was also purchased from Sigma-Aldrich; Merck KGaA. The molecular formula of gefitinib is C~22~H~24~ClFN~4~O~3~, it has a molecular weight of 446.90 Da and purity≥98%. Both TP and gefitinib were stored in dimethyl sulfoxide (DMSO) at 100 µg/ml at −80°C and diluted to the indicated concentrations using serum-free culture medium.

### Cell line and culture

Human lung cancer A549 (American Type Culture Collection; ATCC^®^ CCL185™) cells were purchased from Meixuan Biological Science Co., Ltd. (identification number MXC026). The cells were maintained in 90% Dulbecco\'s modified Eagle\'s medium (DMEM, Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), L-glutamine (2 mM), 1% penicillin-streptomycin (100 U/ml penicillin and 100 µg/ml streptomycin), and HEPES (25 mM) according to the supplier\'s instruction manual. Cells were incubated in a humid incubator containing 5% CO~2~ at 37°C.

The gefitinib-resistant human lung adenocarcinoma cell line (A549/G) was established by increasing the gefitinib concentration. Briefly, A549 cells with 80% fusion were first treated with 5 µg/ml gefitinib for 24 h. The surviving cells were cultured for further cycles with increased doses of gefitinib (10 µg/ml and 15 µg/ml), until the A549 cells grew steadily in the medium with 15 µg/ml gefitinib. The resistance index of A549/G was detected using a Cell Counting Kit-8 assay (Beyotime Institute of Biotechnology), and calculated according to the equation of the half maximal inhibitory concentration: IC~50~ (A549/G)/IC~50~ (A549), which provided a resistance index of 5.48.

Another gefitinib-resistant human lung adenocarcinoma cell line (A549/siE-cad) was established using lentivirus-mediated small hairpin RNA (shRNA) to attenuate E-cadherin (CDH1) expression in the A549 cell line. The shRNA targeting *CDH1* was cloned into the pLV-shRNA-EGFP (2A) Puro vector. The shRNA sequence for *CDH1* was as follows: GGATCC-GCCCACAGATCCATTTCTTGCTCGAGCAAGAAATGGATCTGTGGGTTTTT-GAATTC. The generated vectors were confirmed by DNA sequencing.

### Transfection

The 293T cells were cultured in 10-cm dishes at a density of 4.0×10^6^. Then, 500 µl of opti-MEM containing 5 µg of lentiviral interference vector targeting E-cadherin, 3.75 µg of pH1 vector, and 1.25 µg of pH2 vector was added into 500 µl of opti-MEM including 20 µl of Lipofectamine 2000, the mixture was incubated at room temperature for 20 min and added dropwise to the 293T cells. The medium was replaced with serum-free DMEM at 5 h post-transfection. The lentiviral particles were harvested by ultracentrifugation at 82,700 × g for 48 h after transfection. Cells were infected with the harvested lentiviruses (siE-cad) at a multiplicity of infection (MOI) of 20. The optimal infection condition was confirmed by observing the cells expressing the green fluorescent protein at 72 h after infection. Puromycin (2 µg/ml) was used to screen for stably infected cells. The resistance index of cells with stably interfered *CDH1* (A549/siE-cad) was detected by Cell Counting Kit-8, and calculated, according to the equation: IC~50~ (A549/ siE-cad)/IC~50~ (A549), providing a resistance index of 2.95.

### Mouse model

Male BALB/c mice (4 weeks old) were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. \[SCXK (HU) 2017-0005\]. The body weight ranged from 18 to 22 g. All mice were fed with standard mouse food and tap water and maintained under conditions of 25°C with a 12-hour light/dark cycle. The A549/siE-cad cells (2×10^6^) were injected subcutaneously into the underarms of the right forelimbs of 6-week-old BCLB/c mice. After 3 weeks, all mice were randomly divided into four groups of five. These mice were administered with drugs or saline (mock) via abdominal administration every day for 4 weeks as follows: The control group was administered with NaCl \[0.01 ml/g body weight (BW)\], the TP-treated group was administered with TP (0.5 mg/kg BW), the gefitinib-treated group (G) with gefitinib (50 mg/kg BW), the TP+G group with TP (0.5 mg/kg BW) and gefitinib (50 mg/kg BW). The body weight and tumor size were recorded every two days; the tumor volume was calculated as: A × b × b/2 (mm^3^) (a indicated the long diameter, and b the short diameter). Subsequently euthanasia was performed in accordance with the Guidelines for Euthanasia of Rodents Using Carbon Dioxide issued by the National Institutes of Health. At the end of 4 weeks, all animals were euthanized by carbon dioxide in their home cage placed in special transparent chambers. The chambers were connected with compressed carbon dioxide in a gas cylinder and flow controller. The gas replacement rate was 28% of container volume/min. Death was further verified by cardiac arrest and cadaveric rigidity. Their tumors were collected, paraffin-embedded, and then serially sectioned for subsequent hematoxylin staining and immunohistochemistry (IHC).

### Cell Counting Kit-8 assays (CCK-8)

The viability of cells treated with different drugs was detected using CCK-8 assay (Beyotime Institute of Biotechnology). The A549 cells were exposed to various concentrations of TP (0,1,2,4,8,16 and 32 ng/ml) and gefitinib (0, 0.627, 1.25, 2.5, 5, 10 and 20 µg/ml), alone or in combination, for 24, 36 and 48 h, respectively, as indicated. Cell viability was evaluated according to manufacturer\'s instructions. The combination index (CI), resistance index (RI), and IC~50~ values were calculated based on the data from the cell viability assays. The optimal combined concentration of TP and gefitinib was determined by CI\<1, which indicated that the effect of two drugs was synergistic. The RI equation was as follows: IC~50~ (A549/G)/IC~50~ (A549), or IC~50~ (A549/siE-cad)/IC~50~ (A549).

### Cell migration and invasion

Cell migration and invasion were determined using a Transwell system (product no. 3422; Corning, Inc.) with 8.0-µm diameter pores. For the invasion assays, 45 µl diluted Matrigel was pre-coated on the Transwell membranes. A total of 5×10^4^ cells were seeded into the upper chamber, and 20% FBS-containing medium was seeded into the lower chamber to induce cell migration and invasion. After 12 or 48 h of incubation (12 h for the migration assays and 48 h for the invasion assays), the cells on the upper surface of the filter were removed, and then the residual cells in the Transwell chambers were fixed with 4% paraformaldehyde at 4°C for 10 min, stained with crystal violet (0.1%, w/v) at room temperature for 5 min, and photographed under a microscope (Olympus Corp.). Five fields were selected at random, and the number of cells was counted in each field. Experiments were performed three times independently.

### Western blot analysis

The prepared cells were harvested to extract proteins by enhanced RIPA lysis buffer (P0013B; Beyotime Institute of Biotechnology), and its components included 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, sodium orthovanadate, sodium fluoride, EDTA, leupeptin and protease inhibitors. The concentration was determined using a BCA protein assay kit (735094; Roche Diagnostics). The proteins (20 µg) were separated using 8% SDS-PAGE and then transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Inc.). The membrane was then incubated with the target primary antibodies E-cadherin (dilution 1:1,000; product code Ab4077; Abcam) MMP9 (dilution 1:1,000; product code Ab38898; Abcam), GAPDH (dilution 1:5,000; product code Ab8245; Abcam), caspase-3 (dilution 1:1,000; product no. 9662; Cell Signaling Technology), vimentin (dilution 1:1,000; product no. 3932; Cell Signaling Technology), Snail (dilution 1:1,000; product no. 3879; Cell Signaling Technology) and cleaved caspase-3 (dilution 1:1,000; product no. 9654; Cell Signaling Technology) at 4°C overnight. After washing three times with Tris-buffered saline Tween-20 buffer, the membrane was incubated with secondary antibodies: Anti-rabbit IgG HRP-linked (dilution 1:2,000; product no. 7074; Cell Signaling Technology, Inc.; for Snail, vimentin, caspase-3 and cleaved caspase-3); goat anti-rabbit IgG H&L (HRP) (dilution 1:6,000; product code Ab205718; Abcam; for MMP-9 and E-cadherin); goat anti-mouse IgG H&L (HRP) (dilution 1:6,000; product code Ab205719; Abcam; for GAPDH) at room temperature for 2 h. Immune complexes were visualized using an enhanced chemiluminescence detection system (EMD Millipore).

### Hematoxylin-eosin (H&E) staining

The collected tumor slides were dewaxed and rehydrated. H&E staining was performed and then the samples were observed under a light microscope to assess their morphology.

### Terminal deoxynulceotidyl transferase nick-end-labeling (TUNEL)

A TUNEL kit was used (product no. 11684817910; Roche Diagnostics) as described by the manufacturer. The collected tumor slides were dewaxed and rehydrated. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide for 5 min. The samples were then washed with phosphate-buffered saline (PBS) at room temperature and incubated in the TUNEL Reaction Mixture at 37°C. Thereafter, incubation with converter-POD solution was carried out at 37°C. Next, the slides were incubated with diaminobenzydine (DAB) and stained with hematoxylin. Samples were dehydrated using graded ethanol, vitrified with dimethylbenzene and deposited in neutral resins. Finally, the samples were observed under a light microscope.

### Immunohistochemistry

The collected tumor slides were first dewaxed and then rehydrated. The slides were incubated in citrate buffer (0.01 mol/l, pH 6.0) for antigen retrieval. Endogenous peroxidase activity was inhibited by using 0.3% hydrogen peroxide for 15 min. Primary antibodies against E-cadherin (product code ab40772; Abcam), matrix metalloproteinase-9 (MMP9) (product code ab38898; Abcam), and caspase-3 (product number 9664; Cell Signaling Technology, Inc.) were incubated with the slides at 4°C overnight in a humidity chamber. After five washes with PBS, the slides were incubated with secondary antibodies: Goat anti-rabbit IgG H&L, HRP-linked antibody (dilution 1:5,000; product code Ab205718; Abcam; for E-cadherin and MMP9); Signal Stain Bosst IHC detection reagent HRP-linked antibody rabbit (dilution 1:2,000; product no. 8114; for caspase-3) at room temperature for 30 min. The tumor samples on the slides were stained with hematoxylin, dehydrated by graded ethanol, vitrified by dimethylbenzene, and deposited in neutral resins. Finally, the samples were observed and quantified under a light microscope.

### Statistical analysis

The results are expressed as the means ± SD. One or two-way ANOVA followed by Tukey\'s, Dunnett\'s and Sidak\'s multiple comparisons test in GraphPad Prism 6 (GraphPad Software) were used to analyze the statistical significance between two groups. A P-value\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Combined treatment with TP and G induces enhanced inhibition of A549 cell viability

First, the effect of TP or G alone was assessed on the A549 cells. As revealed in [Fig. 1A](#f1-or-43-05-1569){ref-type="fig"}, both TP and G induced a marked dose-dependent inhibition of A549 cell viability, and the combined treatment with TP and G induced a significantly increased inhibition of A549 cell viability compared to TP or G alone. The inhibitory effect of TP and G alone gradually increased with prolonged exposure time ([Fig. 1B and C](#f1-or-43-05-1569){ref-type="fig"}). The 50% growth inhibition (IC~50~) at 48 h for TP and G was 10.985 ng/ml and 5.801 µg/ml respectively. Next, the combined effect of TP and G were evaluated, and the data revealed similar dose- and time-dependent inhibitory effects on the A549 cells, with an IC~50~ for TP 4.228 ng/ml, and an IC~50~ for G of 2.644 µg/ml at 48 h ([Fig. 1D](#f1-or-43-05-1569){ref-type="fig"}). These results indicated that TP had a similar inhibitory effect to G on the proliferation of A549 cells, and the combined treatment comprising TP and G more effectively inhibited A549 cell growth than TP or G alone.

Then, the combination index (CI) was calculated to estimate the synergistic effect of TP and G on A549 cells, according to the method reported by Chou and Talalay ([@b20-or-43-05-1569]), in which the synergism is defined by CI\<1. The CI values were 1.01 and 1.06 when A549 cells were treated with TP and G for 24 and 36 h, respectively, while it was 0.84 when the A549 cells were exposed for 48 h ([Table I](#tI-or-43-05-1569){ref-type="table"}). This demonstrated an evident synergistic effect of TP and G on A549 cells. Based on this evidence, the effect of TP and G on cell behavior was next assessed. During the subsequent experiments, the combination of TP (2 ng/ml) and G (1.25 µg/ml) were used to treat the A549 cells, which exhibited the synergistic effect of inhibiting the growth of A549 lung adenocarcinoma cells.

### TP and G synergistically suppress cell migration of A549 cells

Resistance to gefitinib results in cell metastasis; therefore, the individual or synergistic effect of TP and G on the migration of A549 cells was investigated using Transwell invasion assays. The results in [Fig. 2](#f2-or-43-05-1569){ref-type="fig"} revealed that treatment with TP and G alone, or in combination, significantly decreased the number of migrated cells (P\<0.01). The number of migrated cells in the TP+G group decreased by nearly 60% (P\<0.01), which was significantly lower than that in the TP- or G-treated cells alone. These data indicated that TP played a suppressive role with G on the migration of A549 cells, and that TP combined with G induced a robust decrease in cell migration.

### TP suppresses the migration and invasion of gefitinib-resistant A549 cells

To demonstrate the role of TP in gefitinib resistance, a gefitinib-resistant A549 cell line (A549/G) was first established. Deficiency of E-cadherin is implicated in EMT, invasion, and metastasis; therefore, an A549 cell line exhibiting stable interference of E-cadherin expression was also established (A549/siE-cad). Next, the A549/G, A549/siE-cad and control cells were plated in Transwell devices and treated with 2 ng/ml of TP. The results revealed that E-cadherin interference and gefitinib resistance both led to increased cell migration across the Transwell filters; however, TP markedly suppressed the migration of A549, A549/siE-cad, and A549/G cells ([Fig. 3A](#f3-or-43-05-1569){ref-type="fig"}). The cell invasion assay results revealed that the number of invading A549/siE-cad and A549/G cells was markedly higher than that of the control cells. TP treatment significantly impaired cell invasion of the control, A549/siE-cad, and A549/G cells ([Fig. 3B](#f3-or-43-05-1569){ref-type="fig"}). These results indicated that TP could inhibit cell migration and invasion, and reverse the gefitinib resistance phenotype of A549/siE-cad cells and A549/G cells.

### TP reverses the gefitinib resistance of A549 cells by regulating E-cadherin and MMP9

To determine the underlying molecular mechanism, proteins implicated in EMT were detected using western blotting. The levels of E-cadherin were significantly increased in the drug-treated cells. The E-cadherin expression in the TP+G-treated cells was nearly twice that in the control cells ([Fig. 4A](#f4-or-43-05-1569){ref-type="fig"}). In addition, the matrix metalloproteinase-9 (MMP9), Snail family transcriptional repressor 1 (SNAIL) and vimentin protein levels significantly decreased in the TP- and TP+G-treated cells compared with those in the control, and the G treatment induced a modest reduction of MMP9, SNAIL and vimentin. These results indicated that TP significantly upregulated E-cadherin and downregulated MMP9, SNAIL and vimentin protein expression, and treatment with TP+G had a synergistic effect on the levels of E-cadherin.

To determine the role of E-cadherin in TP-treated cells, the E-cadherin levels in A549, A549/siE-cad, and A549/G cells were detected. The results revealed that the E-cadherin level decreased significantly in the A549/siE-cad cells compared with that in the A549 cells and A549/G cells. TP treatment increased the E-cadherin in all three groups, especially in A549 cells ([Fig. 4B](#f4-or-43-05-1569){ref-type="fig"}). The protein expression of MMP9 and SNAIL in A549, A549/siE-cad and A549/G cells significantly decreased after TP treatment compared with those in their respective controls. Concurrent, TP treatment significantly increased caspase-3 in A549, A549/siE-cad and A549/G cells. These results indicated that TP suppressed cell migration and invasion of A549, A549/siE-cad, and A549/G cells by regulating the E-cadherin and MMP9 signaling pathway, and induced apoptosis of these cells by increasing the levels of caspase-3.

### Combination of TP and G synergistically inhibits A549/siE-cad cell xenografts by inducing apoptosis

To further verify the effect of TP on A549 cell tumor induction, an A549/siE-cad tumor-bearing mouse model was produced, and TP, G, and TP/G were administrated to these mice. The results revealed that there were no significant differences in body weight (BW) among the TP, G and TP+G-treated groups. The BW of the three treated groups was slightly heavier than that of the control group, while there was no statistical difference between the treated and control groups ([Fig. 5A](#f5-or-43-05-1569){ref-type="fig"}). With regards to the tumor volume, TP, G and TP/G treatment significantly reduced the tumor volume in a time-dependent manner ([Fig. 5B](#f5-or-43-05-1569){ref-type="fig"}). The tumor volume of the TP+G group was significantly smaller than that of TP, G and control groups. These results indicated that both TP and G have inhibitory effects on tumorigenesis of A549/siE-cad tumor-bearing mice *in vivo*, and that the inhibitory effect of TP+G treatment was greater than that of either T or G alone.

Next, H&E analysis was performed to investigate the pathological changes in the tumors of each group. Treatment with T or G alone induced nuclear aberration, cell degradation, and necrosis, and treatment with T+G enhanced these effects ([Fig. 5C](#f5-or-43-05-1569){ref-type="fig"}). TUNEL staining revealed that treatment with T or G alone induced significant tumor cell apoptosis, and this apoptosis was enhanced by treatment with the TP+G combination ([Fig. 5D](#f5-or-43-05-1569){ref-type="fig"}).

### Combination of TP and G induces an apoptotic pathway in gefitinib-resistant A549 cells that induces tumors by regulating MMP9 and caspase-3

IHC assays were conducted to investigate the signaling pathways involved in TP-induced inhibition of gefitinib resistance in A549 cells during tumor induction. As revealed in [Fig. 5E](#f5-or-43-05-1569){ref-type="fig"}, the protein level of E-cadherin was significantly increased after treatment with TP+G, it was also increased in the TP- and G-treated tumor groups, while the statistical difference between the control and monotherapy, or monotherapy and combination therapy was not significant. The protein level of MMP9 was significantly decreased after TP, G and TP+G treatment, and the inhibition in TP+G was greater than that in TP or G alone. In addition, caspase-3 protein expression increased in the TP-, G- and TP+G-treated tumors, and the increase in the TP+G group was higher than that in the TP or G treatment groups. These results indicated that both TP and G could upregulate E-cadherin and caspase-3 expression levels, and downregulate MMP9 protein levels in A549/siE-cad tumor-bearing mice *in vivo*, however, treatment with TP+G exhibited a more potent effect.

Discussion
==========

Currently, molecular targeted therapy is the preferred treatment for NSCLC. Gefitinib is a typical representative of molecular targeted drugs for lung cancer and belongs to the EGFR-TKI class of drugs ([@b21-or-43-05-1569]). However, nearly all patients treated with gefitinib deteriorate due to the emergence of EGFR-TKI acquired resistance, for which no effective therapy is currently available ([@b22-or-43-05-1569],[@b23-or-43-05-1569]). Emerging studies have reported that certain Chinese medicines could reduce gefitinib-induced drug resistance, including TP ([@b24-or-43-05-1569],[@b25-or-43-05-1569]). However, the role and mechanism of TP in gefitinib-induced drug resistance in NSCLC is unclear. In the present study, it was confirmed that TP inhibited the migration and invasion of A549 cells to a greater extent than G, and this effect was further enhanced using the combination of G and TP, indicating that TP and gefitinib have a synergistic effect on A549 cells. Subsequently, a gefitinib-resistant A549 cell line (A549/G) was established to investigate whether TP regulated drug resistance. The migration and invasion abilities of gefitinib-resistant cells were enhanced compared with their parental gefitinib-sensitive A549 cells. TP treatment effectively inhibited the migration and invasion of the gefitinib-resistant cells, indicating that TP suppressed gefitinib resistance. These results verified that TP acts as an adjuvant therapeutic agent at low doses to enhance anticancer effectiveness ([@b9-or-43-05-1569],[@b26-or-43-05-1569],[@b27-or-43-05-1569]).

Increasing numbers of *in vitro* and *in vivo* studies have reported various possible molecular mechanisms of drug resistance to gefitinib, among which *EGFR* gene amplification and EMT are the most studied ([@b28-or-43-05-1569]--[@b30-or-43-05-1569]). Rho *et al* reported that EMT resulting from repeated exposure to gefitinib blunted the sensitivity of A549 cells to EGFR inhibitors ([@b31-or-43-05-1569]). Induction of EMT contributed to the decreased efficacy of therapy in primary and acquired resistance to gefitinib ([@b32-or-43-05-1569]). E-cadherin is involved in the formation of cell-to-cell adherens junctions that assemble adjacent epithelial cells and maintains their quiescence. Downregulation of E-cadherin is considered the core element of EMT ([@b33-or-43-05-1569],[@b34-or-43-05-1569]). Herein, it was revealed that TP significantly increased the levels of E-cadherin both in gefitinib-sensitive and gefitinib-resistant A549 cells, indicating that TP inhibited EMT and increased gefitinib sensitivity by increasing E-cadherin levels. SNAIL, as the core transcription factor regulating EMT, inhibits the expression of *CDH1* by competitive binding to the E-box sequence in the *CDH1* promoter region, and induces mesenchymal proteins such as vimentin and MMP-9, which further promote EMT ([@b35-or-43-05-1569],[@b36-or-43-05-1569]). Vimentin was originally identified as a specific marker of mesenchymal tumors; however, it was later revealed to be associated with cancer cell expression and prognosis in patients, and its expression is widely considered as a necessary condition to enhance cancer invasion and metastasis ([@b37-or-43-05-1569]). MMP9 is a matrix metalloproteinase secreted by tumor cells that weakens the natural barrier and promotes tumor cell metastasis by degrading the tumor extracellular matrix (ECM). Therefore, a decrease of MMP9 expression plays an important role in inhibiting EMT ([@b38-or-43-05-1569],[@b39-or-43-05-1569]). Given the role of SNAIL in the regulation of EMT markers, it was speculated that the decrease in SNAIL levels induced by TP led to a reduction in MMP9 and vimentin, and increased the levels of E-cadherin. The combined effect of these changes resulted in EMT inhibition.

Given the beneficial effects of TP in inhibiting EMT and increasing gefitinib sensitivity, gefitinib-resistant A549 cells were established by interfering with E-cadherin expression and continuous exposure to gefitinib to confirm the ability of TP to increase the sensitivity of gefitinib-resistant cells. The results revealed that the migration and invasion of gefitinib-resistant cells was significantly enhanced. Immunoblotting assays confirmed the loss of E-cadherin, and gain of MMP9 and caspase-3. In addition, TP combined with gefitinib still exhibited an inhibitory effect on the tumors derived from A549/siE-cad cells by upregulating the levels of E-cadherin and caspase-3, and decreasing those of MMP9. Caspase-3 is a pivotal junction protein in apoptotic pathways, which can be activated by other activated caspases and then induces apoptosis ([@b37-or-43-05-1569],[@b38-or-43-05-1569]). The present results were consistent with previous studies which revealed that E-cadherin expression potentiates sensitivity to the apoptotic effects of gefitinib ([@b31-or-43-05-1569],[@b32-or-43-05-1569]). The increase of E-cadherin is accompanied by the occurrence of apoptosis, which synergistically inhibits tumor growth ([@b40-or-43-05-1569]). In a previous study MMP9 inhibition by tetramethylpyrazine was related to vascular endothelial cell apoptosis ([@b41-or-43-05-1569]). As for vimentin, it was involved in the emergence of apoptosis induced by peptidylarginine deiminase 2 and TNF-α ([@b42-or-43-05-1569],[@b43-or-43-05-1569]). Furthermore, the interference with SNAIL signaling by TPD52L2 induced apoptosis of glioblastoma cells ([@b44-or-43-05-1569]). In fact, the inhibition of MMP9, SNAIL, and vimentin proteins always coexists with apoptosis ([@b45-or-43-05-1569]). In conclusion, these results indicated that TP could reverse gefitinib resistance of A549 cells by suppressing the EMT signaling pathway and inducing apoptosis.

Acquired resistance to EGFR-TKIs is almost inevitable in patients with NSCLC with *EGFR* mutations. Management of TKI resistance has become the focus of research to increase the overall survival of these patients. In the present study, it was demonstrated, for the first time to the best of our knowledge, that TP treatment overcomes TKI resistance *in vitro* and *in vivo* by reverting EMT. Further studies are required to develop the synergistic anticancer action and drug resistance reversal effect of TP combined with gefitinib for clinical use.
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![Effect of TP and G, alone or in combination, on A549 cell viability. (A) A549 cells were treated with the indicated concentrations of TP (1, 2, 4, 8, 16, and 32 ng/ml) and G (0.627, 1.25, 2.5, 5, 10, and 20 µg/ml) alone or in combination for 24 h, Green '\*' indicates statistical differences between 'TP+G' and 'G', and the red '\#' represents statistical differences between 'TP+G' and TP. (B) The individual effects of TP on A549 cell growth at 24, 36, and 48 h. A549 cells were treated with graded concentrations of TP (1, 2, 4, 8, 16, and 32 ng/ml, respectively). Statistical differences between mock and treated groups at 24, 36 and 48 h were respectively indicated with black '\*', red '+' and green '&'. (C) The individual effects of G on A549 cell growth at 24, 36, and 48 h. A549 cells were treated with graded concentrations of G (0.627, 1.25, 2.5, 5, 10, and 20 µg/ml, respectively). Statistical differences between mock and treated groups at 24, 36 and 48 h were respectively indicated with black '\*', red '+' and green '&'. (D) The combined effects of TP and G on A549 cell growth at 24, 36, and 48 h. A549 cells were treated with the combined concentrations of TP (1, 2, 4, 8, 16, and 32 ng/ml, respectively) and G (0.627, 1.25, 2.5, 5, 10, and 20 µg/ml, respectively). Statistical differences between mock and treated groups at 24, 36 and 48 h were respectively indicated with black '\*', red '+' and green '&'. Two-way ANOVA followed by Tukey\'s and Dunnett\'s multiple comparisons test were used to analyze differences between groups. TP, triptolide; G, gefitinib.](OR-43-05-1569-g00){#f1-or-43-05-1569}

![TP and G synergistically suppress the migration of A549 cells. (A) A549 cells were treated with TP (2 ng/ml) and G (1.25 µg/ml) alone or in combination for 12 h and then stained with crystal violet. The images were representative of three independent experiments (A). The absolute number of migrated cells is presented as the means ± SD (B). Comparisons between mock and treated groups were performed by one-way ANOVA followed by Dunnett\'s multiple comparisons test. Statistical differences between the control and treated groups were represented by black '\*'. TP, triptolide; G, gefitinib.](OR-43-05-1569-g01){#f2-or-43-05-1569}

![TP suppresses the migration and invasion of A549 cells. Transwell (A) migration and (B) invasion assays of A549 cells treated with TP (2 ng/ml). The absolute number of migrated or invaded cell is presented as the means ± SD from three independent experiments. Two-way ANOVA followed by Sidak\'s and Dunnett\'s multiple comparisons test were used to analyze differences between two groups. TP, triptolide; G, gefitinib; CDH1, E-cadherin.](OR-43-05-1569-g02){#f3-or-43-05-1569}

![TP regulates CDH1, MMP9, and caspase-3 protein expression. (A) CDH1, MMP9, SNAIL and vimentin proteins in A549 cells treated with TP (2 ng/ml) and G (1.25 µg/ml) and their combination were analyzed using western blot analysis. The data for CDH1, MMP9, SNAIL and vimentin protein levels are expressed as the mean ± SD. Two-way ANOVA and Dunnett\'s test were used to analyze the statistical differences between the control and drug-treated cells. Statistical differences between the control and treated groups were represented by black '\*'. (B) CDH1, MMP9, SNAIL and caspase-3 protein levels in A549, A549/siE-cad and A549/G cells treated with TP (2 ng/ml) were detected by western blotting analysis. The data of protein levels are expressed as the mean ± SD. GAPDH was used as a loading control. The statistical differences between groups were analyzed by two-way ANOVA combined with Tukey\'s multiple comparisons test. Statistical differences between control A549 and TP-treated A549 were represented by red '\*', statistical differences between A549/siE-cad and TP-treated A549/siE-cad were represented blue '\*', statistical differences between A549/G and TP-treated A549/G were represented green '\*'. TP, triptolide; CDH1, E-cadherin; MMP9, matrix metalloproteinase-9; G, gefitinib.](OR-43-05-1569-g03){#f4-or-43-05-1569}

![TP and G combination reveals an enhanced inhibition of A549/siE-cad-induced tumors. (A) Mice bearing A549/siE-cad tumors were divided into four groups of five mice each: The control group \[NaCl, 0.1 ml/10 g body weight (BW)\], the TP-treated group (TP, 0.5 mg/kg BW), the G-treated group (G, 50 mg/kg BW) and the TP+G-treated group (TP, 0.5 mg/kg BW; G, 50 mg/kg BW). Each group was treated with NaCl, TP, G, and TP+G, respectively once a day for 4 weeks. The body weight was recorded every three days. (B) The tumor volume was recorded every two days, TP and G, alone or in combination, inhibited the tumor volume at the end of the experiment. Statistical difference between TP+G and control was represented purple "\*", statistical difference between TP+G and TP was represented green "\*", statistical difference between TP+G and G was represented red "\*". (C) Representative images of H&E staining were obtained for the control, TP, G and TP+G groups. (D) TUNEL assays were performed to detect the apoptosis of tumors in the control, TP, G and TP+G groups. The number of apoptotic cells from the control, TP, G and TP+G groups is expressed as the mean ± SD (n=3). (E) The representative images of IHC staining for CDH1, MMP9 and caspase-3 from the control, TP, G and TP+G groups. The positive index of CDH1, MMP9, and caspase3 are showed as the mean ± SD (n=3). The statistical differences between groups were analyzed by two-way ANOVA combined with Tukey\'s multiple comparisons test. TP, triptolide; G, gefitinib; CDH1, E-cadherin; H&E, hematoxylin and eosin; TUNEL, terminal deoxynulceotidyl transferase nick-end-labeling; IHC, immunohistochemistry.](OR-43-05-1569-g04){#f5-or-43-05-1569}

![Schematic diagram of the mechanism by which triptolide enhances the sensitivity of gefitinib-resistant lung cancer cells by inhibiting epithelial-mesenchymal transition. Triptolide treatment first decreased SNAIL protein expression. As a transcription factor, the decreased levels of SNAIL induced the upregulation of E-cadherin and downregulation of vimentin and MMP9. These alterations combined to inhibit epithelial-mesenchymal transition. SNAIL, Snail family transcriptional repressor 1; MMP9, matrix metalloproteinase-9.](OR-43-05-1569-g05){#f6-or-43-05-1569}

###### 

CI and IC~50~ analysis for TP and G combination treatment in A549 cells.

       IC~50~                          
  ---- -------- -------- ------ ------ ------
  24   21.35    10.10    9.27   5.80   1.01
  36   16.05      8.87   7.99   4.99   1.06
  48   10.99      5.80   4.23   2.64   0.84

CI, combination index; TP, triptolide; G, gefitinib.
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